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ABSTRACT 
The results of a study of laser-annealed Au-Ge ohmic contacts to GaAs are 
presented. The specific contact resistivity was observed to decrease with in- 
creasing laser energy density while the grain size of the polycrystall ine micro- 
structure (as observed by transmission electron microscopy) increased. At 
higher energy densities, both parameters were found to remain constant within 
the experimental conditions used. Transmission electron micrographs, and 
sputtering Auger electron spectroscopic data showing Ga, As, and Ge redis- 
tr ibution within the Au-Ge film are also presented. 
Recent research has focused on using laser irradia- 
tion for making ohmic contacts to GaAs because the 
localized, short duration heating of a laser beam was 
expected to result in negligible GaAs decomposition 
and therefore improve contact quality. Results ob- 
tained for laser-annealed ohmic contacts (1, 2) have 
so far shown no significant improvement in contact 
properties over contacts made by conventional furnace 
alloying. A more detailed study of laser-annealed 
ohmic contacts, focusing on the materials properties, 
therefore seems necessary. 
Transmission electron microscopy (TEM) is useful 
not only for microstructural study of materials but also 
for identification of material types and phases. It has 
been used to study the alloying of thin films of Au (3) 
and Au-Ge- In  (4) on GaAs. However, only the micro- 
structural properties of these contacts were investi- 
gated. 
We report here a study of laser-annealed Au-Ge/  
GaAs ohmic contacts using TEM to correlate the 
microstructure and the electrical properties as ob- 
tained from specific contact resistivity measurements. 
Specifically, the variation of the specific contact re- 
sistivity as a function of the laser energy density was 
measured and is presented along with variations in the 
microstructure and the compositional depth profile as 
measured by Auger electron spectroscopy (AES). 
Sample Preparation and Experimental Procedure 
Te-doped (100) n-GaAs substrates of carrier con- 
centration, 2 X 1018 cm -3 were used. They were first 
cleaned in trichlorethylene, acetone, and methanol. An 
oxide was then grown in deionized water and etched 
off with HC1. An Au-Ge layer of 100OA thickness was 
deposited in vacuum (2 • 10 -6 Torr) from an alloy of 
eutectic composition [Au-Ge(12%)] which was evap- 
orated to completion in a resistance heated tungsten 
boat. This deposition was done through a metal evap- 
oration mask of parallel slits that resulted in the con- 
tact structure shown in Fig. 1. 
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Ohmic contacts were formed by single pulse irradia- 
tion of the AuGe film with a pulsed Nd-YAG laser of 
1.06 micron wavelength, 30 nsec pulse duration, and 
beam spot diameter of 0.1 cm. The pulse energy density 
was varied from 0.6 to 3 J /cm 2. 
The ohmicity of the contacts was determined from 
curve tracer I-V plots while the specific contact re- 
sistivity was determined by a four-probe measurement 
technique as shown in Fig. 1. Current (10 mA) is 
passed through two of the contact pads while the 
voltage between one of the current-carrying pads and 
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Fig. 1. (a) Four-point probe geometry for ohmic contact mea- 
surements; (b) resistance measured as a function of distance. 
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each of the inner pad is measured. The resistance 
variation as shown in Fig. lb has been derived by 
Schuldt (5) by solving Laplace's equation numerical ly 
with the ohmic contact plane as a boundary and is 
given by 
R(x)  = (pB/HW)X 
(~ + (pB/~w) ln4 / (1  - exp ( -~D// -D + ~ p~,~- [11 
where PB is the bulk res ist iv i ty , / - / is  the sample thick- 
ness, W sample width, D contact length, and f (pc, D/I-I) 
is a resistance parameter  which is a function of the 
specific contact resistivity pc and the ohmic contact 
geometry. Using Ro, the intercept from the four-probe 
measurements, the specific contact resist ivity pc, was 
obtained from numerical  solutions for f(0c, D/It) (5). 
Pr ior to the measurements, the sample was scribed 
into rectangular strips in a direction perpendicular to 
the Au-Ge stripes. This was to ensure current flow 
paths only in the planes perpendicular to the contact 
plane and along the length of the GaAs strip. Equation 
[1] is valid only for this geometry. 
The samples were prepared for TEM examination by 
chemical jet polishing with bromine methanol from the 
back side of the substrate so that only the top surface 
was observed. 
Results 
Figure 2 shows the I -V characteristics of contacts 
formed under various conditions. The as-deposited 
Au-Ge film is a rectifying contact as Fig. 2a shows, but 
after laser i rradiat ion at 0.6 and 1.1 J/cm~, the contact 
becomes ohmic (Fig. 2b, c). The change in the specific 
contact resist ivity as the laser energy density is varied 
is shown in Fig. 3. It can be seen that the electrical 
properties of the contacts are improved at higher laser 
energy densities. The corresponding microstructural  
changes are shown in Fig. 4 in which the microstruc- 
ture of the contact i r radiated at 0.6 J / cm 2 appears 
similar to that of the as-deposited Au-Ge film. The 
grain size of the contacts i r radiated at 1.1 J / cm 2 has 
increased significantly while the grains show features 
which were not observed in the other contacts fabr i -  
cated at lower energy densities. The results obtained 
are summarized in Fig. 5 which compares the measured 
residual resistance Ro of the contacts and the corre- 
sponding grain size. At energy densities higher than 
1.1 J / cm 2, both the specific contact resist ivity and the 
grain size seem to remain constant. 
The TEM diffraction patterns also showed changes 
corresponding to the formation of ohmic contacts by 
laser irradiation. For example, three rings can be ob- 
served in the diffraction patterns of Fig. 4b and c which 
do not exist in the diffraction pattern of the as-de-  
posited AuGe film shown in Fig. 4a. By matching lat-  
tice spacings, these extra rings have been identified 
with germanium. The dark field image shown in Fig. 6 
was obtained with the objective aperture of the TEM 
on the Ge( l l l )  ring. It indicates segregation of Ge at 
the grain boundary. The white spots within the grains 
were also found to be germanium. 
Using Auger analysis combined with argon ion 
sputtering, measurements were made on the as-depos- 
ited samples as well  as the laser i r radiated samples in 
order to observe the changes in the composition depth 
profile of the contacts corresponding to the observed 
electrical and microstructural  changes (as a function 
of laser energy density).  The elemental depth distr ibu- 
tions of oxygen (503 eu gall ium (1070 eV), germa- 
nium (1147 eV), arsenic (1228 eV), and gold (2024 eV) 
are shown in Fig. 7 for the as-deposited AuGe film. 
The essential features of this profile (such as the 
sharp interface) do not change with laser irradiation. 
There appears, however, to be an increasing redistr i -  
bution of all the elements present with increasing laser 
energy density. In Fig. 8, the profiles of Ga and As 
show a significant redistr ibution of these two elements. 
Fig. 2. Current-voltage characteristics of Au-Ge contacts. (a) As- 
deposited; (b) laser-irradiated at 0.6 J/crn2; (c) loser-irradiated 
at 1.1 J/cm ~. 
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Fig. 3. Specific contact resistivity vs. laser energy density 
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Fig. 4. TEM micrographs and diffraction patterns of Au-Ge con- 
tact films. (a) As-deposited; (b) laser-irradiated at 0.6 J/cm-~; 
(c) laser-irradiated at 1.1 J/cm 2. 
Within the energy density range used, this redistribu- 
tion does not reach the surface and thus no gall ium 
segregation at the surface was observed as was the 
case with furnace alloyed Au-Ge (and Au-Ge-Ni)  
ohmic contacts (6). Figure 9 shows a corresponding 
decrease in the Ge profile which indicates a redistribu- 
tion of Ge into GaAs. This could not be confirmed by 
the present AES data because of the coincidence of the 
arsenic and germanium Auger electron transitions at 
1147 eV. 
Discussion 
It has been observed that pulsed laser anneal ing of 
implanted semiconductors results in melting, the dura- 
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Fig. 5. Variation of the contact resistance and grain size with 
laser energy density. 
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Fig. 6. TEM micrographs of laser annealed Au-Ge film showing 
Ge segregation at grain boundaries. (a) Bright field image, 1.1 J/ 
cm~; (b) dark field image, 1.1 J/cm 2. 
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Fig. 7. Sputtered AES profiles for the as-deposited Au-Ge film on 
GaAs. 
tion of which is longer than the pulse width of the 
laser beam (7, 8). Specifically, it was found that the 
duration of melting increased with the laser energy 
density and that for Te-implanted GaAs, the melt 
duration was approximately 1 ~sec at an energy 
density of 1 J /cm -2 (7). In view of the short time 
periods involved in laser annealing, it seems that the 
drastic change in microstructure observed in this work 
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Fig. 8. Sputtered AES profiles for Go and As before and after 
laser irradiation. 
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Fig. 9. Sputtered AES profiles for Ga and Ge before and after 
laser irradiation. 
could not be due to solid-state diffusion (the solid- 
state diffusion length is much less than the grain sizes 
observed). This kind of microstructural change is 
therefore due to melting of the Au-Ge film and an ad- 
jacent layer of the GaAs substrate. By analogy with 
observations of laser annealing of a luminum on sili- 
con (9), this melting is followed by rapid regrowth of 
Ge-rich GaAs with a top layer of alloys or compounds 
of Ga-Ge, Au-Ga, and Au-Ge. This kind of structure, 
consisting of successive layers of GaAs heavily doped 
with Ge; Au-Ge, Ni-Ga, and Au-Ga alloys and com- 
pounds has been observed in furnace alloyed Au-Ge-  
Ni ohmic contacts (10). 
The grain size of a polycrystall ine structure which 
has regrown from a melt is related to a growth param- 
eter which is known to vary inversely as the regrowth 
velocity (11). The regrowth velocity however, has 
been shown to also vary inversely as the energy density 
of the laser beam (7). Thus, the increase in grain size 
observed in this work may be attributed to an increase 
in the growth parameter as a result of a decrease in 
the regrowth velocity with energy density. The de- 
crease of the specific contact resistivity on the other 
hand may be due to an increased Ge doping of the Ge- 
rich GaAs layer (12). In GaAs, Ge may go into either 
Ga or As vacancies depending on the temperature and 
the vapor pressures (13) of As and Ga. It appears 
that the constancy of the specific contact resistivity at 
the higher laser energy densities is due to an increas- 
ing concentration of Ge in As sites, instead of in Ga 
sites as is required for n-type doping. 
Our AES results showing limited redistribution of 
Ga and As are in contrast o previous results obtained 
for furnace alloyed Au-Ge-Ni  ohmic contacts (6) 
which showed significant Ga and As concentrations at
the contact surface. Limited Ga and As segregation as 
was found here may be due to an incomplete mixing 
of the melt from which the regrowth takes place. It 
was found for implanted Si, from numerical calcula- 
tions, that the melt-front velocity is substantial ly 
greater than the velocity of mass diffusion (14). The 
observed AES profiles for Ga and As are thus probably 
related to the distribution of Ga and As in the melt 
which is "frozen" into the ohmic contact layer during 
solidification. 
The observed redistributions of Ga and As can result 
in Ga and As vacancies in the GaAs substrate. Hence, 
the substrate concentration of vacancies should be 
higher in the furnace alloyed contacts than in the 
laser-annealed ones since there is less redistribution i
the latter. One would therefore expect laser-annealed 
ohmic contacts to have improved contact reliability, 
since contact reliabil ity has been suggested to depend 
on vacancy formation in GaAs (15). 
Conc lus ion  
We have presented results showing a decrease in the 
specific contact resistivity with energy density for laser 
annealed Au-Ge ohmic contacts. We have at the same 
time shown the correlation between the measured con- 
tact resistivity and the microstructure observed by the 
TEM. In addition, AES results were presented to show 
the redistribution of Ga and As as a result of the laser 
annealing. 
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ABSTRACT 
The transients associated with the deposition of silicon epitaxia l  films in 
a horizontal reactor have been investigated. An understanding of these tran-  
sients is important for the fabrication and control of the submicron films that 
wil l  be required to accommodate VLSI designs. In order to investigate these 
transients, several experiments were carried out in which the steady-state 
deposition of epitaxial  silicon was perturbed by abrupt ly  varying the flow of  
silicon species entering the reactor. The response of the epitaxial  system to 
these perturbations was determined by measuring the result ing dopant distr i -  
bution in the silicon film. A physical model that emphasizes the role of the 
adsorbed layer on the silicon surface was used to explain and simulate the 
behavior of the epitaxial  system. By comparing theoretical simulations and 
exper imental  results, the time constant of the silicon deposition process was 
estimated to be in the 20-30 sec range. 
Submicron silicon epitaxial  films are becoming in- 
creasingly important with the development of VLSI 
technology. Epitaxial  layer thicknesses in the 0.5-1.5 
/~m range are needed to accommodate the small cell 
sizes required for VLSI designs. The transients associ- 
ated with the first few minutes of growth, however, 
impose severe l imitations on the fabrication of such 
thin films. As is described elsewhere (1), the dopant 
incorporation process in a s i lane/arsine pitaxial  sys- 
tem requires several minutes to regain steady state 
when a perturbat ion such as a step change in dopant 
gas flow is imposed on the reactor. Similarly, the 
dopant incorporation process requires several minutes 
to reach the expected steady-state condition at the 
beginning of the deposition step (2). Consequently, the 
epitaxial  dopant concentration reaches the expected 
doping level only for films thicker than that corre- 
sponding to this init ial transient. Because this transient 
period corresponds to a transit ion layer 1-2 ~m thick, 
the expected steady-state doping level may not be 
achieved in submicron silicon films. 
In addit ion to the dopant incorporation process, the 
silicon deposition process must also go through a 
transient period during the initial stages of growth, 
i.e., some time is required before the expected steady- 
state epitaxial  growth rate is established. A complete 
understanding of the transients associated with both 
the dopant incorporation and silicon deposition pro-  
cesses is critical to the fabrication and control of sub- 
micron epitaxial  films. 
The dopant incorporation process has been the sub- 
ject of previous investigations (1-4). The work pre-  
sented here deals pr imar i ly  with the silicon deposition 
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process. The main objective of this work was to in- 
vestigate the transient associated with the establish- 
ment of a steady-state silicon growth rate and the 
effect of this transient on the epitaxial  doping level. 
The simplest technique that could have been used to 
determine this transient was to carry out a series of 
depositions for different growth times and then mea-  
sure the result ing epitaxial  layer thicknesses. However, 
this method is imprecise because very short init ial t ime 
intervals are needed in order to obtain information on 
the initial transient. Moreover, the effect of the init ial 
transient on the film thickness could get compensated 
by that of the final transient, thereby concealing the 
information being sought. The most desirable approach 
would be to measure the film thickness continuously as 
the film is being deposited. Dumin (5) developed an 
interferometric technique that measured the thickness 
of silicon films as they were being deposited on sap- 
phire substrates. This technique uti l ized the infrared 
emission from the sapphire substrate and from the 
growing film. The radiat ion from the sapphire substrate 
was part ia l ly  transmitted through the silicon and par-  
t ial ly reflected in the silicon, establishing an interfer-  
ence pattern which was used to determine silicon film 
thickness. Shaw (6), on the other hand, developed a
gravimetr ic technique in which the weight of the 
growing gal l ium arsenide crystal was continuously 
measured. The use of these techniques, however, poses 
several difficulties when applied to the epitaxial  deposi- 
tion of silicon. The interferometric technique is best 
suited to cases in which the index of refraction of the 
film being deposited is different from that of the sub- 
strate, while the gravimetr ic technique measures not 
only the weight of the substrate but that of the sub- 
strate support as well. 
In this paper, a different echnique is used to investi-  
gate the transient associated with the silicon deposition 
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